the electrical energy. Xu et al. pointed out that the RBS can increase the driving range as much as 8%-25% [2]. Therefore, recycling braking energy is one of the most effective methods to enhance the total efficiency of EVs, particularly in the urban diving cycles [3] .
The structure of the composite braking system and the braking force distribution models
The structure of the CBS for the EV with single motor focus drive system is illustrated in Fig. 1 . The CBS includes the RBS and the HBS. In the RBS, the braking energy recycled by the motor feeds back to the battery pack. The major component of the HBS is the electronic hydraulic braking system which has a variable braking force distribution. (The hydraulic braking system is controlled by drive-by-wire technology. Therefore, the braking force distribution ratio between the front and rear shaft is variable.)
The total required braking torque at the wheel in the braking process is formulated as:
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Introduction
The composite braking system, as one of the key technologies of electrified vehicles, is attracting more and more attentions in the automotive industry due to its ability to recycle braking energy [1] . The CBS is composed of the regenerative braking system and the hydraulic braking system. In RBS, the motor functions as a generator which can convert the kinetic energy to
where T B is the total braking torque at the wheel; δ is the rotary mass coefficient; m is the curb weight of the vehicle; z is the required braking severity; g is the acceleration of gravity; r is the rolling radius of the wheels; T f is total resistance of the vehicle in the braking process; T m is the regenerative braking torque of the motor; i 0 is the main reducer ratio; T hf and T hr are the hydraulic braking torque of the front and rear axles, respectively. T f includes rolling resistance and wind resistance. According to the revolving drum test, we fitted T f as follows:
= 0.0367 2 + 0.3667 + 204.4134 (2) where is the vehicle speed. The braking force distribution coefficient is calculated by:
The optimal model for the regenerative and hydraulic braking torque
In this paper, we studied the optimal control strategy for the CBS of the proposed EV, which enhance the energy regeneration rate and braking stability in the braking condition. The energy regeneration rate is mainly influenced by the regenerative braking torque which is subject to the torque-speed characteristic of the motor and the charging ability of the battery. In order to improve the braking stability, the braking system should distribute the braking force between front and rear axles to achieve equal adhesion utilization rate. In the light of optimal braking force distribution rule, the ideal distribution rate is given by the I curve.
Denoting T m and T hr as the design variables, the proposed control-oriented CBS model can be formulated as:
where T max is the maximum of the regenerative braking torque of the CBS; T m_max is the maximum torque of the motor; β I is the desired braking force distribution coefficient of the front axle's braking force; T h_max is the maximum of the hydraulic braking torque that the hydraulic braking system can provide. T max is constrained by the charging ability of the battery and the torque characteristics of the motor.
where T bat is the maximum charging torque and can be calculated by:
where P bat is the maximum charging power of the battery which is associated with SOC, see equation (7); is the rotary speed of the motor; η is the regeneration efficiency of the motor related to n and P bat . β I is the ideal braking force distribution coefficient in accordance with the I curve, which represents high braking stability. It can be calculated as follows:
where is the length between the vehicle centroid and rear axle; ℎ is the height of the centroid;
is the wheelbase.
The neural network for the regenerative and hydraulic braking torque
A neural network (NN) model for the CBS is proposed to generate the regenerative and hydraulic braking torque in this paper. According to the optimal model established above, the motor's regenerative torque and the hydraulic braking torque of the front and rear axles are related to the state of charge of the battery pack, the vehicle velocity and the braking severity which are transmitted and received by CAN bus. Therefore, the SOC, and are selected as the inputs of the NN, and T m , T hr are selected as the outputs of the NN.
In order to obtain enough training samples and testing samples, the design of experiment method is used to generate 500 sample datas of the design space formed by SOC, v and z. As shown in Fig.2 , the optimal Latin Hypercube sampling method was used to guarantee the uniformity of sampling points.
Figure 2
The stable braking zone of the braking force distribution coefficient.
We can obtain the corresponding optimal T m and T hr for every sampling points by using Downhill-Simplex method. Then a BP-NN can be trained to get a highly nonlinear relationship between input and output by adjusting weights to minimize the error between the actual and predicted output patterns of the training set.
The training results surfaces are shown in Fig. 3 when SOC is set as 65%. 
Simulation and Results
This section provides a comprehensive comparison of the proposed NN and a common parallel braking strategy which the test vehicle used. In order to test the performance of the two controllers in electricity consumption, we simulated the model controlled by them in NEDC driving cycle. Fig. 4 (a) shows SOC trajectories controlled by the two controllers during 3 NEDC cycles. The blue line is fitted directly from the revolving drum test data. The both initial SOC is set as 90%. The final SOC of NN is 81.86% which is 3.04% higher than parallel braking strategy. The energy consumption of NN and parallel braking strategy is 4.58 kWh.4.80 kWh respectively. That means the energy economy of the proposed NN control strategy is improved by 4.64% than the parallel strategy.
As the braking conditions of NEDC driving cycle are not enough to validate the performance of NN in braking stability, the model is simulated in a specific braking condition with a decreasing braking severity. The initial vehicle velocity is 120 km/h and the braking severity decreases 0.02 per second. When the vehicle speed is 10 km/h, the simulation is completed, because the regenerative braking torque is 0 if the speed is too low.
The braking severity trajectories controlled by the two controllers in the specific braking condition are illustrated in Fig. 4 (b) . In the whole braking process, the braking severity of NN is much closer to the I curve. Before 3.1 second, NN can maintain the braking severity along the I curve. Because , ℎ and ℎ generated by NN enables the energy regeneration rate and braking stability to be optimized at the same time. When is less than a certain value which is related to SOC and , the beta controlled by NN is a little higher than the I curve for a better performance in braking energy recovery. 
Conclusions
A neural network control model is proposed in this paper to enhance the energy regeneration rate and braking stability of the electric vehicle. A CBS model of EV is established to compare the performance of the proposed NN and a common parallel braking strategy.
Comparison results demonstrate that the NN's energy economy is improved by 4.64% than the parallel controller's in 3 NEDC cycles. At the same time, NN controller performs much closer to the I curve. In conclusion, the proposed NN controller regenerates more braking energy with a higher braking stability. 
